Sediment provenances and magmatic events of Late Neoproterozoic (Ediacaran) and Cambro-Ordovician rock complexes from the Saxo-Thuringian zone are constrained by new laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb dating of detrital zircons from fi ve sandstones and magmatic zircons from an ignimbrite and one tuffi te. These geochronological results in combination with the analysis of the plate-tectonic setting constrained from fi eld observations, sedimentological and geochemical data, and trends of the basin development are used to reconstruct Cadomian orogenic processes during the Late Neoproterozoic and the earliest Cambrian. A continuum between Cadomian orogenesis and the opening of the Rheic Ocean in the Cambro-Ordovician is supported by the data set.
INTRODUCTION
The Cadomian orogeny comprises a series of complex sedimentary, magmatic, and tectonometamorphic events that spanned the mid-Neoproterozoic (ca. 650 Ma) to the earliest Cambrian (ca. 540 Ma). Rock units formed by the Cadomian orogeny are commonly referred to collectively as Cadomian basement. Owing to similar contemporaneous orogenic processes in the Avalonian microplate, the collective term Avalonian-Cadomian orogeny has also been used in the modern literature. Peri-Gondwanan terranes, microcontinents, and crustal units in central, western and eastern Europe and in north Africa are affected by the Cadomian orogeny. Related orogenic events known as the Avalonian orogeny, are known from the Appalachians (eastern United States and Atlantic Canada) and from the non-Laurentian part of Ireland and the British Isles. Baltica escaped Avalonian-Cadomian orogenic activity, although late Precambrian orogenic events of "Cadomian affi nity" have been recognized in the Urals and the Timanides on the periphery of Baltica (Roberts and Siedlecka 2002; Glasmacher et al., 2004) .
The Cadomian orogeny was fi rst defi ned in the North Armorican Massif in France on the basis of the unconformity that separates deformed Precambrian rock units from their Early Paleozoic (Cambro-Ordovician) overstep sequence. In central and western Europe this unconformity is commonly referred to as the Cadomian unconformity. The youngest metasedimentary rocks affected by Cadomian deformation may be earliest Cambrian in age, and many geologists assume that the fi nal stages of Cadomian orogenesis were spatially diachronous, lasting from the latest Neoproterozoic to the earliest Cambrian. From this viewpoint the term Cadomian basement includes Neoproterozoic (Ediacaran) to Early Cambrian sedimentary, igneous, and metamorphic complexes, although the stratigraphic range of the rocks involved changes from region to region.
The Cadomian unconformity was fi rst described from Rocreux near Caen (Normandy) by Bunel (1835) , although it is often attributed to Dufrenoy (1838) , who published the fi rst drawing. The wider geographic extent of the unconformity in central Brittany was recognized by Dufrenoy (1838) and Barrois (1899) . The fi rst illustration of the unconformity from Brittany was published by Kerforne (1901) .
Cadomus and Cadomum are old Latin terms for the modern city of Caen and are the source of the name of the orogeny. The term discordance cadomienne was fi rst used by Bertrand (1921) . The type locality of the Cadomian unconformity is located on the northern edge of the village of Jacob Mesnil (Rocreux), close to Bretteville sur Laize near Caen (Normandy). The best illustration of the unconformity at Rocreux was published by Graindor (1957) .
In some publications, the term Pan-African orogeny is used in the same sense as the Cadomian orogeny, because both events were related to the Gondwana supercontinent in the late Precambrian and occurred at more or less the same time. The main difference between the two orogenic events is their position within the confi guration of the Gondwana supercontinent in Neoproterozoic time. The crustal units affected by the Pan-African orogeny are located between the cratons that assembled Gondwana and, in most cases, refl ect continent-continent collision (see compilation of Windley, 1995) . In contrast, the Cadomian orogen, or alternatively, the Avalonian-Cadomian orogenic belt, was a peripheral orogen at the edge of the Gondwanan supercontinent and is characterized by orogenic processes similar to those of the present-day Andes and Cordilleran chains of the Americas and western Pacifi c (Murphy and Nance, 1991; Nance and Murphy, 1994; Buschmann, 1995; Linnemann et al., , 2004 Nance et al., 2002) .
On the basis of provenance studies based on U-Pb ages of detrital zircon grains from sedimentary rocks and inherited zircons in igneous rocks, in combination with Nd-Sr-Pb isotope analyses and paleomagnetic and paleobiogeographic data, most geologists accept that the largest part of the Cadomian basement of central and western Europe was formed at the periphery of the West African craton of the Gondwana supercontinent (e.g., Linnemann et al., 2004; Murphy et al., 2004) . Remnants of old cratonic basement are represented only by the Icartian basement spe423-03 page 63 (2.06-2.01 Ga) of the Armorican Massif, and the Svetlik (2.1-2.05 Ga) and Dobra gneisses (1.38 Ga) of the Bohemian Massif. These Meso-to Paleoproterozoic gneiss complexes coupled with abundant Archean to Paleoproterozoic detrital zircon grains in Neoproterozoic sediments indicate that most of the Cadomian "basement" developed on thinned older cratonic crust and that the Neoproterozoic to Cambrian siliciclastic sediments result from eroded older basement slices. Nance et al. (2002) proposed a Cordilleran model for the evolution of the Neoproterozoic to Cambro-Ordovician rock complexes in the Avalonian part of the "Avalonian-Cadomian orogenic belt," drifted off as a separate microcontinent during the late Cambrian. They suggested that the formation and separation of Avalonia was controlled by a plate-tectonic evolution similar to that presently observed at the western margin of the North American plate in Baja California. Over the past 30 Ma, this area has been affected by terrane accretion, subduction-related processes, ridgetrench collision, and rifting processes. As shown in this article, these processes may also account for the sedimentological and magmatic evolution observed in the Neoproterozoic-Paleozoic basement complexes of the Saxo-Thuringian zone, which lies at the northeastern periphery of the Bohemian Massif. Parts of this zone were less affected by the Variscan orogeny and, thus, forms an ideal area to study sedimentological and magmatic events that occurred during the Neoproterozoic and Cambro-Ordovician.
In this article, we present new laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb data for detrital zircon grains to constrain the provenance of selected sediments of the Saxo-Thuringian zone. In addition, data from zircons in well-defi ned igneous rocks provide new time markers for the area's magmatic evolution. These geochronological data, in conjunction with fi eld relations and published results, are used to defi ne the plate-tectonic setting(s) of Neoproterozoic to Cambro-Ordovician rock units of the Saxo-Thuringian zone. Finally, the combined data set is used to present a tentative model for the evolution of the Cadomian basement of the Saxo-Thuringian zone, which starts with the formation of a marginal Cadomian orogen between ca. 650 and 540 Ma and ends with the opening of the Rheic Ocean in the Cambro-Ordovician.
GEOLOGIC SETTING Bohemian Massif
The Bohemian Massif forms the central part of the European Variscides and is subdivided into two principal zones, the SaxoThuringian zone to the north and Moldanubian zone to the south (Kossmat, 1927) . In addition, the marginal Moravo-Silesian zone rims the Bohemian Massif in its eastern part. To the northwest, the massif is bordered by the Mid-German Crystalline zone, which is assumed to represents an important Variscan suture zone, perhaps the Rheic suture (Kroner et al., 2003, this volume; Zeh and Wunderlich, 2003; Zeh et al., , 2005 . The latter was closed by oblique collision between the Saxo-Thuringian zone (Cadomia) and the Rhenohercynian zone (East Avalonia) during the Late Devonian to Early Carboniferous (Oncken, 1997; Kroner et al., 2003, this volume; Zeh et al., , 2005 . To the south and southeast the Bohemian Massif is overthrust by Meso-and Cenozoic rocks of the Alps and the Carpathians. Additional components of the Bohemian Massif are the Teplá-Barrandian unit and the Moravo-Silesian zone. The oldest units of the Bohemian Massif are remnants of Paleo-to Mesoproterozoic cratonic basement slivers, such as the Dobra gneiss (1.38 Ga) and the Svetlik gneiss (2.1-2.05 Ga).
The Bohemian Massif is the most prominent inlier of basement rocks in central Europe ( Fig. 1) and records a complex Neoproterozoic to Paleozoic history that includes the Cadomian and Variscan orogenies. Some rock units (e.g., the Erzgebirge Mountains) locally experienced ultra-high pressure metamorphic conditions during the Variscan orogeny with the formation of diamond-bearing rocks (Massonne, 1998) . Most marginal rock units and inliers, however, were essentially less affected by the Variscan tectonometamorphic overprint. These rock units comprise Neoproterozoic to Paleozoic successions at the northern margin of the Saxo-Thuringian zone and the Teplá-Barrandian unit (Fig. 1) .
The Bohemian Massif has been traditionally interpreted to be part of the Armorica microplate as defi ned by Van der Voo (1979) . However, more recent studies (Tait et al., 1997; McKerrow et al., 2000) have assumed that the Armorican microplate was not a coherent block, but comprises several units. Thus, Tait et al. (1997) suggested the term Armorican terrane assemblage, which includes Neoproterozoic and Paleozoic basement units exposed in northern and southern France and in central Europe. 
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For the late Neoproterozoic to Cambro-Ordovician basement rocks relevant to Cadomian and post-Cadomian orogenic processes, we use the term Cadomia (sensu Nance and Murphy, 1996) , which comprises Cadomian basement rocks (with intercalated older cratonic blocks) of the Armorican Massif, the French Massif Central, and the Bohemian Massif with the exception of the Brunovistulian of the Moravo-Silesian zone (Fig. 1) .
Based on new geochronological results, the Cadomian basement of the Bohemian Massif can be subdivided into Avaloniantype and Cadomian-type units sensu Murphy et al. (2004) . Avalonian-type units contain detrital zircon grains of Mesoproterozoic age, which are assumed to have formed in a juvenile crust between 1.3 and 1.0 Ga. In contrast, Cadomian-type rock units show few or no zircons with ages in the range 1.7-.75 Ga and are dominated by detritus and inherited zircons derived from the West African craton (2.05 Ga and older; Murphy et al. 2004) .
To date, all U-Pb zircon provenance studies indicate that the Neoproterozoic to Paleozoic sediments of the Saxo-Thuringian zone, the Teplá-Barrandian unit, and the Moldanubian zone have a west African provenance Gehmlich, 2003; Tichomirowa, 2003; Drost et al., 2004) . Thus, they belong to Cadomia sensu Murphy et al. (2004) . However, protolith ages of ca. 2.1 Ma indicate that the Svetlik granite gneiss of the Bohemian Massif was emplaced during the Paleoproterozoic (Wendt et al., 1993 (Wendt et al., , 1994 . From its geological position it seems likely that this gneiss represents part of the Eburnian basement derived from the West African craton.
However, Finger et al. (2000) demonstrated that the Brunovistulian unit in the Moravo-Silesian zone of the Bohemian Massif ( Fig. 1) shows strong affi nities with Avalonia. Rocks from the Brunovistulian unit are assumed to have been derived from the recycled margin of the Amazonian craton, as suggested by U-Pb ages of inherited zircon grains (Friedl et al., 2000) . The 1.38-Ma Dobra gneiss is assumed to represent a cratonic inlier that also belongs to the Avalonian part of the Bohemian Massif (Gebauer and Friedl, 1994; Friedl et al., 2004) . The available ages suggest that the Bohemian Massif is divided by a suture (likely the Rheic suture) into Avalonian and Cadomian parts (Fig. 1) . The Cadomian part comprises the Saxo-Thuringian and Moldanubian zones, the Teplá-Barrandian unit, and the Sudetes, whereas the Avalonian part includes the Brunovistulian unit of the Moravo-Silesian zone. The former "Rheic" suture is probably hidden under and/or incorporated into the Variscan fault-and-thrust belt between the Moravo-Silesian and the Moldanubian zones (Fig. 1) .
Saxo-Thuringian Zone
The Saxo-Thuringian zone forms the northeastern part of the Bohemian Massif. It consists of Cadomian basement units, which are overlain by a Paleozoic overstep sequence (Fig. 2) . The parautochthonous part of the Saxo-Thuringian zone forms a northeasteast-trending fold-and-thrust belt, which consists of the Schwarzburg antiform, the North Saxon antiform, the Berga antiform, and the Lausitz antiform, and the Torgau-Doberlug and Ziegenrück-Teuschnitz synclines. In addition, the Saxo-Thuringian zone is transected by the northwest-southeast-trending Elbe zone and the Franconian line (Fig. 2) . In this study we use the neutral word antiform instead of the traditional term anticline, because none of the tectonostratigraphic units are typical anticlines. For example, the Lausitz antiform is a tilted horst block.
The Saxo-Thuringian zone in this article is subdivided into an internal and external domain, which show signifi cant differences with respect to their Cadomian basement evolution and Paleozoic overstep sequences. The external domain is composed of the Cadomian volcanosedimentary units of the Rothstein Formation in the Torgau-Doberlug syncline and the Altenfeld Formation in the northwestern part of the Schwarzburg antiform (Figs. 2 and 3 ). Both are characterized by rock units containing thick layers of massive black chert (Fig. 4A ) and are assumed to have originated in a back-arc setting (Buschmann, 1995; . These sediments are dominated by dark-gray to black distal turbidites composed of an intercalation of graywacke and mudstone bedsets. All known sedimentological and geochemical data point to an origin for the Rothstein Formation in the center of a back-arc basin developed on thinned continental crust (Buschmann, 1995) . Owing to its similar spatial position in the Saxo-Thuringian zone and its similarity in lithology and geochemistry, we assign the Altenfeld Formation to the same plate-tectonic setting. Zircon data suggest deposition of the Rothstein and Altenfeld formations at ca. 570-565 Ma Buschmann et al., 2001) .
The Rothstein Formation is overlain by Lower to Middle Cambrian sediments (Fig. 5) , whereas the Altenfeld Formation is covered by Lower Ordovician siliciclastics (Fig. 6) . In contrast to the internal domain, ca. 540-Ma magmatism in the external domain is very scarce. Only a single small pre-Variscan granitoid body (the Milchberg granite) crops out in the northwestern part of the Schwarzburg antiform, where it intrudes the Altenfeld Formation. Recent U-Pb zircon datings place that granite to the base of the Ordovician (ca. 490 Ma; U. Linnemann and A. Gerdes, unpublished data) . Another important component of the external domain is the Vesser complex of Middle to Upper Cambrian age. This unique complex is characterized by rocks related to the formation of the oceanic crust (Bankwitz et al., 1992; Kemnitz et al., 2002) . The relationship between the external domain and the Mid-German Crystalline zone to the north is unclear because of coverage by Cenozoic sediments. The bounding element of the internal domain is the Blumenau Shear Zone, which divides the Schwarzburg antiform into a northwestern and southeastern part. In our view, the Blumenau Shear Zone continues to the southern border of the Torgau-Doberlug syncline, which is also covered by Cenozoic deposits. The shear zone is a structural feature that likely originated in the Cadomian orogeny during the tectonic change from a back-arc basin to a retroarc basin setting (see below). During the Variscan orogeny, the Blumenau Shear Zone was reactivated as a sinistral shear zone (Heuse et al., 2001 ). Linnemann and Schauer, 1999; Linnemann and Romer, 2002 Circles designated "Roth-1", "Wett-1" and "Pur-1" indicate position of samples studied in this article. 1-Cambro-Ordovician rift-related igneous rocks; 2-Cadomian granitoids of the ca. 540-Ma magmatic event; 3-Lower Ordovician siliciclastic sediments; 4-Late Neoproterozoic debris fl ows and glaciomarine tillites; 5-igneous rocks and metasediments of the Upper Cambrian Vesser complex (predominantly mafi c rocks); 6-Neoproterozoic hydrothermal black cherts; 7-Lower to Middle Cambrian sediments; 8-conglomerates, quartzites, and quartzitic shales of the Purpurberg quartzite (Weesenstein Group) and its equivalent in the Clanzschwitz Group; 9-graywackes and mudstones; 10-predominantly mudstones. Sources of geochronological data (numbered circles): 1-SHRIMP U-Pb (Buschmann et al., 2001 ); 2-thermal ionization mass spectrometer (TIMS) Pb-Pb ; 3-TIMS U-Pb (Kemnitz et al., 2002) ; 4-SHRIMP U-Pb . 
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The internal domain of the Saxo-Thuringian zone contains Cadomian rock units from two different depositional settings (Fig. 3) . Voluminous Cadomian plutons intruded at ca. 540-530 Ma, and a thick and widely distributed Ordovician overstep sequence (Fig. 6 ) also distinguish the internal domain. Cambrian deposits are restricted to the Heinersdorf 1 and 2 drill holes in the Berga antiform and to large olistolithes in a Lower Carboniferous wild fl ysch matrix in the Görlitz synform.
The fi rst group of Neoproterozoic sedimentary units in the internal domain comprises passive margin sequences characterized by highly mature quartzites, sandstones, and quartz-rich shales deposited in a shallow marine environment (Linnemann, 1991) . The most prominent deposit of this type is represented by the Purpurberg quartzite in the lower part of the Weesenstein Group (Fig. 4B ). Facies analysis of the Purpurberg quartzite has shown that its deposition was caused by an extreme drop of sea level that is interpreted to be of glacioeustatic origin (Linnemann, 1991) . The stratigraphic equivalent of the Purpurberg quartzite also occurs in the Clanzschwitz Group (North Saxon antiform). Other parts of the Weesenstein and Clanzschwitz groups are likewise passive margin deposits but comprise quartz-rich mud-and siltstones. In the upper part of the two groups diamictites and layers with isolated pebbles (Fig. 4C ) may be glaciomarine in origin (Linnemann and Romer, 2002) . These passive margin deposits are situated in the North Saxon antiform and the Elbe zone (Fig. 2) . Based on the spatial arrangement of the passive margin deposits in the Saxo-Thuringian zone, we assign these units to the passive margin of the same Cadomian back-arc basin in which the Rothstein and the Altenfeld formations were deposited. Detrital zircons and dated pebbles point to a minimum age of sedimentation of ca. 570 Ma for the passive margin units Fig. 3) .
The second group of Neoproterozoic sedimentary units in the internal domain is represented by the Lausitz Group (Lausitz antiform), the Leipzig Formation (Northsaxon antiform), and the Frohnberg Formation (southeastern part of the Schwarzburg antiform). All three units are characterized by monotonous, fl yschlike sections of proximal to distal dark-gray to black colored turbidites composed of graywacke and mudstone couplets (Fig. 4E) . Seismites indicate an active tectonic setting during basin formation. Intercalations of conglomerates contain fragments of black cherts (Fig. 4D ) and other debris from older Neoproterozoic sediments and igneous rocks. The pervasive occurrence of fragments of black chert in both the graywackes and the conglomerates suggests that deposits from the Cadomian back-arc basin of the external zone became eroded, recycled, and redeposited in the Cadomian retroarc basin, remnants of which are represented by the Lausitz Group and the Leipzig and the Frohnberg formations. Sensitive high-resolution ion microprobe (SHRIMP) U-Pb dating of detrital zircon grains in the Lausitz Group and the Frohnberg Formation indicates that they are younger than 555 ± 9 Ma and 551 ± 8 Ma, respectively . Because of the occurrence of debris derived from the back-arc basin, the presence of distinct sedimentary features (see below), and their In general, all Neoproterozoic sections within the Cadomian basement of the Saxo-Thuringian zone seem to be rootless because of Variscan stacking of the crust, and an underlying cratonic basement is not known. However, Neodymium depletedmantle (NdT DM ) model ages for the Late Neoproterozoic sediments range between 1.9 and 1.3 Ga (Linnemann and Romer, 2002) , clearly indicating that the source area of the Neoproterozoic sediments was dominated by old cratonic crust.
With exception of the Rothstein Formation and maybe the Altenfeld Formation, all Neoproterozoic sedimentary sequences within the Cadomian basement in the Saxo-Thuringian zone were intruded by Early Cambrian post-kinematic granitoid plutons in the interval ca. 540-530 Ma Gehmlich 2003; Tichomirowa, 2003) . These plutonic suites are composed of granites, syeno-and monzogranites, granodiorites, and tonalites (Hammer, 1996) , whereas granodiorites dominate in most plutons.
The Cadomian basement of the Saxo-Thuringian zone is overlain, usually unconformably, by Lower Paleozoic sediments. Transgression and the development of Lower to Middle Cambrian overstep sequences-including the deposition of conglomerates, carbonates, siliciclastics, and red beds, with a depositional gap in the lowermost Cambrian (ca. 540-530 Ma)-characterize the fi rst post-Cadomian sedimentary sequence. A second widely distributed gap in sedimentation occurred in the Upper Cambrian (ca. 500-490 Ma), although the Vesser complex is composed of mid-to Upper Cambrian magmatic rocks and metasediments related to an oceanic setting (Bankwitz et al., 1992; Kemnitz et al., 2002) .
Special features-such as the occurrence of a Cadomian unconformity; peri-Gondwanan Cambro-Ordovician faunas; glaciomarine diamictites of the Hirnantian glaciation in the uppermost Ordovician; and the absence of any Salinic, Acadian, and Caledonian orogenic infl uences-paleogeographically link the Saxo-Thuringian zone to Gondwana in the Neoproterozoic and Lower Paleozoic .
SAMPLES AND METHODS
For provenance studies, detrital zircons were collected from three Neoproterozoic siliciclastic sedimentary rock units, which were deposited in three distinct settings of Cadomian basin development. Sample Pur-1 was taken from the Purpurberg quartzite of the Weesenstein Group in the Elbe zone. This sediment was deposited in a passive continental margin setting of the Cadomian back-arc basin distal from the arc. Sample Roth-1 is a graywacke of the Rothstein Formation in the Torgau-Doberlug syncline taken from the drill hole WisBaW 1641H/80 near the city of Herzberg. Sediments of the Rothstein Formation were deposited in the Cadomian back-arc basin proximal to the arc on the opposite side to that of the passive margin.
The third Neoproterozoic sample is a chert-bearing microconglomerate (Wett-1) of the Lausitz Group from the Lausitz antiform. This sample was collected from the Wetterberg quarry near the village of Ebersbach. The Lausitz Group is dominated by graywacke turbidites with intercalations of microconglomerates deposited in the Cadomian retroarc basin or foreland basin.
In addition, a Lower Cambrian sandstone (Kam-1) and an Ordovician microconglomerate (Lbq-1) were sampled from the Saxo-Thuringian zone. These samples represent Cambro-Ordovician shelf sediments, which overlie the Cadomian basement. Kam-1 was taken from a drill core of the Zwethau Formation in the Torgau-Doberlug syncline. The sample was collected from drill hole WisBaW 1209/78 near the village of Falkenberg and is representative of the Lower Cambrian overstep sequence overlying the deformed Cadomian sediments of the Rothstein Formation. The Lower to Middle Cambrian sediments of this formation were deposited in an asymmetric rift basin. Lbq-1 is a Lower Ordovician microconglomerate sampled from the Langer Berg Formation close to the village of Willmersdorf in the northwestern part of the Schwarzburg antiform. The Langer Berg Formation is a section of highly mature quartzites and conglomerates typical of the widely distributed Lower Ordovician shallow marine sedimentation of the Gondwanan realm. The Lower Ordovician overstep sequence in the Saxo-Thuringian zone was deposited in a rifted shelf basin in a passive margin setting.
To set additional lithostratigraphic time markers for the Cambrian and Ordovician sedimentation, an Upper Cambrian ignimbrite (Ves-1) and a Lower Ordovician tuffi te (KArc-1) were sampled. Sample Ves-1 was taken from a rhyolitic ignimbrite from the Vesser complex (Fig. 6 ). Sample KArc-1, a pebble-bearing rhyolitic tuffi te, was collected in the valley of the Blambach close to Sitzendorf, from the base of the >3000-m-thick Ordovician sedimentary succession exposed in the southeastern part of the Schwarzburg antiform. This pyroclastic sediment is referred to in traditional German literature as "Konglomeratische Arkose" (=conglomeratic arkose). Additional information concerning the lithostratigraphy and coordinates of the sample locations is given in Tables 1, 2 , and 3.
Zircon concentrates were separated at the Museum für Mineralogie und Geologie (Staatliche Naturhistorische Sammlungen Dresden). Fresh samples were crushed in a jaw crusher and sieved for the fraction 63-400 μm. Density separation of this fraction by a heavy liquid was realized using sodium heteropolytungstate in water ("LST fast fl oat") and followed by magnetic separation of the extracted heavy minerals in a Frantz isodynamic separator. Final selection of the zircon grains for U-Pb dating was achieved by hand-picking under a binocular microscope. Zircon grains of all grain sizes and morphological types were selected, mounted in resin blocks, and polished to half their thickness.
Zircons were analyzed for U, Th, and Pb isotopes by LA-ICP-MS techniques at the Institute of Geosciences, Johann Wolfgang Goethe-University Frankfurt, using a Thermo-Finnigan Element II™ sector fi eld ICP-MS coupled to a New Wave™ UP-213 ultraviolet laser system. A teardrop-shaped, low-volume laser cell 
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was used to enable sequential sampling of heterogeneous grains (e.g., growth zones) during time-resolved data acquisition (see also Janoušek et al., 2006) . Each analysis consisted of ~20 s background acquisition followed by 35 s data acquisition, using a laser spot size of 30 and 40 μm, respectively. A common-Pb correction based on the interference-and background-corrected 204 Pb signal and a model Pb composition (Stacey and Kramers, 1975) Pb lies outside of the internal errors of the measured ratios. Discordant analyses were generally interpreted with care. Raw data were corrected for background signal, common Pb, laser-induced elemental fractionation, instrumental mass discrimination, and time-dependant elemental fractionation of Pb/Th and Pb/U using an Excel® spreadsheet program. Reported uncertainties were propagated by quadratic addition of the external reproducibility (standard deviation) obtained from the standard zircon GJ-1 (n = 18; ~0.6% and 0.5-1.0% for the U, respectively) during individual analytical sessions and the within-run precision of each analyses (standard error). Concordia diagrams (2σ error ellipses) and concordia ages (95% confi dence level) were produced using Isoplot/Ex 2.49 (Ludwig, 2001 ) and frequency and relative probability plots using AgeDisplay (Sircombe 2004 Gerdes and Zeh (2006) .
RESULTS
The results of LA-ICP-MS U-Pb zircon dating are listed in Tables 1-3 and shown on the concordia diagrams in Figures 7, 9, and 11 (see below). Binned frequency and probability density distribution plots are shown in Figures 8 and 10 . For the latter two plots only those analyses less than 10% discordant were used. In this study, all systems, erathems, and eonothems are used in accordance with the stratigraphic table of Gradstein et al., (2004) . Percentages of zircon ages for each sample are shown in Table 4 (Figs. 7  and 8 ). The age of the youngest concordant grain is 558 ± 16 Ma, and that of the oldest is 3465 ± 20 Ma (Table 1) . Archean ages make up ~21% of the population. These ages fall into two groups at 3.5-3.3 Ga (six grains) and at 2.9-2.6 Ga (nine grains). About 33% of the grains record Paleoproterozoic ages between 1.8 and 2.3 Ga and nearly 45% record Neoproterozoic ages. The later group show pronounced peaks at ca. 640, ca. 620-590, and ca. 570 Ma and less pronounced peaks at ca. 710, ca. 790, and ca. 1000-950 Ma (Fig. 8, Table 4 ).
All sixty-one analyses from sample Roth-1 are 90-110% concordant (Figs. 7 and 8) . The ages range from 552 ± 11 Ma to 3053 ± 11 Ma. Only 5% of the analyzed grains are Archean in age, ~20% Paleoproterozoic, and ~75% Neoproterozoic. 700  800  900  1000  1100  1200  1300  1400  1500  1600  1700  1800  1900  2000  2100  2200  2300  2400  2500  2600  2700  2800  2900  3000  3100  3200  3300  3400 Age ( 
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Archean ages (three grains) range from 3.05 to 2.6 Ga, Paleoproterozoic ages from 2.17 to 1.78 Ga, and the Neoproterozoic ages fall mainly in the interval 650-550 Ma. There are clear clusters at ca. 612 (nine grains) and ca. 642 Ma (six grains), whereas the age range 600-550 Ma is defi ned by a broad peak (Fig. 8) . In addition, minor peaks occur at 710, ca. 740, ca. 790, and ca. 960 Ma, similar to those of Pur-1.
From sample Wett-1, sixty-one zircon grains were analyzed, of which fi fty-nine are 90-110% concordant (Figs. 7 and  8) . The ages vary from 3181 to 542 ± 27 Ma, of which ~10% are Archean, 24% Paleoproterozoic, and ~60% Neoproterozoic. Archean ages range from 3.2 to 2.6 Ga with a cluster at ca. 2.8-2.6 Ga (fi ve grains). Paleoproterozoic ages (fi fteen grains) defi ne several peaks in the range 2.17-1.76 Ga, whereas Neoproterozoic ages fall mostly in the interval 650 -540 Ma, with fi ve relatively well-defi ned clusters at ca. 642 (six grains), 625-610 (fi ve grains), ca. 590 (ten grains), ca. 572 (fi ve grains), and ca. 543 Ma (fi ve grains). The latter subpopulation yields a concordia age of 543 ± 4 Ma (see Fig. 11A ), which straddles the PrecambrianCambrian boundary (542 ± 1 Ma; Bowring et al., 2003) .
From the Cambrian sandstone Kam-1 we analyzed fi fty-nine zircons, only one of which is more than 10% discordant (Figs. 9 and 10). No Archean and only nine Paleoproterozoic grains (15%) were identifi ed, although the age of the oldest grain (2478 ± 16 Ma), which is close to the Archean boundary, must be considered a minimum age. Paleoproterozoic ages fall mostly in the interval 2.1-2.0 Ga, with one grain yielding a 206 Pb/ 238 U age of 1000 ± 18 Ma. Neoproterozoic ages, which make up more than 80% of the population, fall predominantly in the interval 690-550 Ma. The latter population shows clear clusters at ca. 570, ca. 590, ca. 610, ca. 623, ca. 643, and ca. 665 Ma, each of which is represented by six to nine grains. Two grains yielded ages of ca. 547 Ma, and one grain yielded a 206 Pb/ 238 U age of ca. 535 ± 9 Ma. The latter analysis is ~6% discordant but is considered to provide a maximum depositional age constraint.
From the Lower Ordovician microconglomerate Lbq-1 we analyzed fi fty-nine zircons; fi fty-seven analyses yielded 90-110% concordant ages, of which 12% are Archean (seven grains), 23% Paleoproterozoic (thirteen grains) and 60% Neoproterozoic to Cambrian. The Archean grains yielded ages of ca. 2511, ca. 2820-2700 (four grains), ca. 3217, and ca. 3246 Ma. The Paleoproterozoic ages defi ne six peaks in the interval 2200-1800 Ma (Fig. 10) and Neoproterozoic ages (thirty-three grains) fall predominantly in the interval 650-540 Ma, with a broader peak at ca. 636 Ma and clear clusters at ca. 615, ca. 590, ca. 570, and ca. 546 Ma, each defi ned by fi ve to seven analyzed grains. The latter subpopulation of seven grains yielded a concordia age of 546 ± 4 Ma, which straddles the Precambrian-Cambrian boundary like that of Wett-2. In addition, two grains yielded ages close to the Neo-Mesoproterozoic boundary (927 ± 57 and 961 ± 16 Ma), and two others gave a Cambrian concordia age of 530 ± 8 Ma. The two youngest grains (503 ± 8 and 493 ± 12 Ma) straddle the Cambrian-Ordovician boundary close to the deposition age of the sample. The Th/U ratio of most of the measured Table 2 .
n=58/59, 90-110% conc. 400  500  600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700  1800  1900  2000  2100  2200  2300  2400  2500  2600  2700  2800  2900  3000  3100  3200  3300  3400 Age ( Figure 10. Binned frequency and probability density distribution plots of detrital zircon grains from sample Kam-1 (Lower Cambrian) and Lbq-1 (Early Ordovician). conc-concordance; nnumber of analyses with <10% discordance/total number of analyzed grains.
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zircons vary between 0.1 and 1.0 (Tables 1-3) , a range that is typical for zircon crystallized from magmas of intermediate to felsic composition (e.g., Hoskin and Schaltegger, 2003) . From the Vesser complex ignimbrite Ves-1 we analyzed fi fteen zircon grains, which yielded a concordia age of 497 ± 2 Ma (Fig. 11B) . Thus, the upper part of the Rollkopf Formation was most likely deposited during the uppermost Cambrian. From the pebble-bearing rhyolitic tuffi te KArc-1, eighteen needle-shaped zircon grains were analyzed (Table 3) . Nine of these yielded a concordia age of 486 ± 4 Ma, which is identical to the upper-intercept age defi ned by the four discordant analyses (Fig. 11C) . The concordia age is interpreted to provide maximum age constraints for tuffi te deposition. In addition, one zircon yielded a concordant Archean age of 2.62 Ga (Table 3) .
AGE OF SEDIMENTARY DEPOSTION
In each sample, the youngest concordant zircon age provides a maximum constraint for the deposition of the sampled unit. In the case of the Purpurberg quartzite and the Rothstein Formation, the youngest ages are 558 ± 16 Ma and 552 ± 11 Ma, respectively. However, the uncertainty in the degree of concordance of Neoproterozoic-Paleozoic grains dated by the LA-ICP-MS method is relatively large, and results obtained from just a single analysis have to be interpreted with care. For example, a typical uncertainty of 2-3% (2σ) in Pb age of 44-65 Ma. Thus, the youngest grains in both samples can be grouped in the ca. 570-Ma age population. Seven grains that defi ne this population in Pur-1 and Roth-1 defi ne concordia ages of 570 ± 4 Ma (mean squared weighted deviated [MSWD C+E ] = 0.59) and 566 ± 4 Ma (MSWD C+E = 0.95), respectively. These ages are in agreement with a SHRIMP age of 566 ± 10 Ma for a tuff from the Rothstein Formation (Buschmann et al., 2001) . It is therefore likely that the ca. 570-Ma grains in Pur-1 and Roth-1 originated from tuff horizons and that their crystallization ages closely date the depositional ages of the Purpurberg quartzite, Weesenstein Group and Rothstein Formation, respectively. In other words, the deposition of Weesenstein Group and the Rothstein Formation took place shortly after ca. 570 and ca. 566 Ma, spe423-03 page 85 respectively. A Neoproterozoic age for both units is also indicated by the intrusion of the Dohna granodiorite into the Weesenstein Group at 537 ± 7 Ma Fig. 3) and the overlaying of the Rothstein Formation by the Zwethau Formation during the Atdabanian (Lower Cambrian) at ca. 534 Ma (Buschmann et al., 2006) . The youngest zircon subpopulation in sample Wett-1 yielded an age (543 ± 4 Ma) close to the Neoproterozoic-Cambrian boundary. This age (Fig. 11A) is interpreted to provide a maximum depositional age for the Lausitz Group. However, shortly after its deposition, the Lausitz Group was deformed and subsequently intruded by voluminous granitoids at 539 ± 6 Ma . Given the uncertainties in the age determinations, deposition of the Lausitz Group can be constrained to a narrow time interval of ~10 m.y. (between 547 and 533 Ma) around the Precambrian-Cambrian boundary.
The control for the age of deposition of the Zwethau Formation (Kam-1) comes from paleontological data. Based on trilobites and archaeocyatha, the formation is assigned to the Atdabanian, that is, the Lower Cambrian stage starting at ca. 534 Ma (Elicki, 1997 , and references therein). The depositional age of the Langer Berg Formation (Lower Ordovician, Lbq-1) is controlled by trace fossils and regional lithostratigraphic correlation, with well-dated sections in the southeastern part of the Schwarzburg antiform (Linnemann, 1996) . In both samples the youngest zircon ages (Kam-1, ca. 535 Ma; Lbq-1, two grains, 498 ± 7 Ma) are very close to the biostratigraphic-controlled deposition age.
The age of 497 ± 2 Ma (Fig. 11B) for Ves-1 zircons is interpreted to date ignimbrite deposition within the upper part of the Rollkopf Formation in the Vesser complex. This part of the Rollkopf Formation is therefore Upper Cambrian, according to Gradstein et al. (2004) , who place the upper boundary of the Middle Cambrian at 501 ± 2 Ma. In contrast, the lower part of the Rollkopf Formation is assigned to the Middle Cambrian, based on conventional U-Pb dating of zircon from a dacitic pyroclastite (508 ± 2 Ma) and from a gabbro (502 ± 2 Ma) that intrudes the units (Kemnitz et al., 2002 ; see also Fig. 6 ). At present no biostratigraphic or geochronological data are available for the Neuwerk Formation in the upper part of the Vesser complex. The overlying Hundsrück Group contains felsic volcanic rocks and highly mature quartzites that are interpreted to be Lower Ordovician, based on lithostratigraphic correlation (Bankwitz et al., 1992; Linnemann, 2003a; Fig. 6 ).
The age of 486 ± 4 Ma for seventeen zircon grains from sample KArc-1 is interpreted to closely date the deposition of the lithostratigraphic unit enclosing the tuffi te. The sample was taken from the level at which the boundary between the Cadomian basement and Lower Paleozoic overstep sequence is suspected. This transition interval is free of key fossils. In this section of the southeastern part of the Schwarzburg antiform no angular unconformity between Cadomian basement and the Lower Paleozoic sediments is observed. The age of the KArc-1 zircons suggest that the Cadomian basement was directly overlain by highly mature sediments of lowermost Tremadocian age (lowermost Ordovician; Fig. 6 ) and, thus, the entire Cambrian is missing.
PROVENANCE OF SEDIMENTS
The analyzed samples were selected to be representative of different successions of distinct ages. However, some care must be taken in the interpretation of the age spectra because a certain degree of sample bias cannot be excluded. Nevertheless, the U-Pb age spectra of the detrital zircons from samples Pur-1, Wett-1, Roth-1, Kam-1, and Lbq-1 show striking similarities (Figs. 8 and  10 , Table 4 ), indicating that they display a common characteristic of the source area. Hence, variations among the samples are interpreted as indicating variations in the source area. All fi ve samples predominantly contain Late Neoproterozoic (690-550 Ma; 40-83%) and Paleoproterozoic (2.2-1.8 Ga; 15-33%) grains with a smaller fraction of Neo-to Mesoarchean constituents (5-13%; Table 4 ). In addition, all samples contain a small fraction of ca. 1000-to 900-Ma (1-7%) grains. Only the three Neoproterozoic sediments contain Mid-Neoproterozoic (790-700 Ma; 3-8%) zircons, and Paleoarchean (3-8%) components are present only in Pur-1 and Lbq-1. A common feature of all samples is an "age gap" between 1.75 and 1.0 Ga, which is typical of a Cadomian and/or west African provenance and is diagnostic in distinguishing it from East Avalonia and Baltica (e.g., Nance and Murphy, 1994; Friedl et al., 2000) . This age gap is in agreement with the characteristic clusters of Paleoproterozoic ages in the interval 2.17-1.78 Ga. Such ages are typical of the western part of the Gondwana supercontinent, which was affected by abundant magmatic intrusions (ca. 2.2-1.8 Ga) during the Eburnean orogeny (West African craton). Furthermore, Neo-to Mesoarchean zircon ages and, in the case of Pur-1 and Lbq-1, additional Paleoarchean grains, point to recycling of magmatic rocks formed during the Liberian and the Leonian orgenies, respectively. Both orogenies affected the West African craton during the Archean.
The overall dominance of Late Neoproterozoic zircon ages with apparent clusters at ca. 570, ca. 590, ca. 620-610, ca. 640, and ca. 660 Ma point to the fact that the most important source of sedimentary detritus (>55%) was the active magmatic arc of the Cadomian belt (ca. 700-550 Ma; e.g., Nance et al., 2002; Murphy et al. 2004; Linnemann et al., , 2004 . Taking all 165 Neoproterozoic zircon ages (700-550 Ma) into consideration, the main magmatic activity of this Cadomian arc took place at ca. 615, ca. 590, and ca. 570 Ma (28, 27, and 21%, respectively) .
Orthogneisses of Mid-Neoproterozoic protolith age (ca. 755-700 Ma) have been described from the Armorican Massif (Samson et al., 2003) and the Anti-Atlas orogen in Morrocco (D'Lemos et al., 2006) . Based on Hf and Nd isotopes these have been interpreted as remnants of an earlier, independent arc system. Such ages are relative rare in the Avalonian-Cadomian belt. Our results suggest that such sources were present only during the Neoproterozoic and were absent during younger sedimentation.
All samples contain a small fraction of grains with ages close to the Neo-to Mesoproterozoic boundary. Until recently, such "Grenville" ages were interpreted as being derived either from the Amazonian craton (e.g., Friedl et al. 2000; Hegner and Kröner 2000; Fernández-Suárez et al., 2002) or from the Grenville orogenic belt (e.g., Nance and Murphy, 1994) . Grenville ages typically fall in the range 1.25-1.0 Ga (e.g., Keppie et al., 1998) , and an Amazonian provenance is characterized by various Mesoproterozoic age peaks in the 1.8-to 1.0-Ga interval (e.g., Nance and Murphy, 1994; Friedl et al., 2000) . These ca. 1.05-to 0.9-Ga zircon ages are relatively rare but have been described from various localities within Cadomia (Gebauer et al., 1989; Fernández-Suárez et al., 2002; Gehmlich, 2003; Friedl et al., 2004) . They therefore represent a typical Cadomian detrital zircon subpopulation and most likely also have a west African origin. The presented zircon ages strongly suggest a provenance of the investigated Neoproterozoic rocks from the margin of the West African craton (Fig. 12) .
PLATE-TECTONIC MODEL
The data set presented above provides several cornerstones that must be taken into account in the reconstruction of the Neoproterozoic to Cambro-Ordovician evolution of the SaxoThuringian zone and adjoining crustal units of the Bohemian Massif. First, all investigated units contain considerable quantities of Archean, Paleoproterozoic, and Neoproterozoic zircons, which provide evidence of intense crustal recycling Drost et al., 2004 ; this study). The detrital age spectra point to a west African provenance and exclude an Ama- (2000); *4-from the compilation of Zeh et al. (2001) . Modifi ed after Murphy (1994, 1996) , Linnemann et al. ( , 2004 , Murphy et al. (2000) , Linnemann and Romer (2002) , Nance et al. (2002) ; paleogeography of the Gondwanan continental plates after Unrug (1996) .
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zonian and/or Baltic source ; this study). Second, the zircon age spectra indicate that some Late Neoproterozoic sediments were deposited at about the same time (ca. 570 Ma), during, and after intense magmatic activity in the adjacent arcs. Third, most sedimentary basins were deformed between ca. 570 and 540 Ma and intruded by voluminous granitoid plutons at ca. 540 Ma. The absence of Cadomian high-grade or high-pressure regional metamorphic rocks like granulite and eclogite suggests that this structural-magmatic event took place without major thickening of the crust and without subduction of continental crust . Electron microprobe dating of metamorphic monazite grains from the Teplá-Barrandian unit yielded Th-U-Pb model ages of 540 ± 16, 542 ± 13, and 551 ± 19 Ma, which Zulauf et al. (1999) related to low-pressure/high-temperature metamorphism. Fourth, the generation of Lower to Middle Cambrian rift-related sediments, Upper Cambrian (ca. 500 Ma) MOR-related mafi c rocks (Bankwitz et al., 1992; Kemnitz et al., 2002 ; this study) and thick Lower Ordovician successions with high subsidence rates indicate the formation of a rift-drift succession in Cambro-Ordovician time (Linnemann and Romer, 2002; Kroner et al., 2003; Linnemann et al., 2004) .
Cadomian Back-Arc Basin Evolution
The oldest rocks of the Saxo-Thuringian zone are sediments deposited at ca. 570-565 Ma. Rock units belonging to this age interval make up the Weesenstein and Clanzschwitz groups as well as the Altenfeld and Rothstein Formations (Figs. 3 and 13) . Figure 13 . Model for the plate-tectonic development of the Cadomian back-arc basin at ca. 590 and 560 Ma, based on data derived from the Saxo-Thuringian zone (Bohemian Massif). Back-arc basin consists of a continentward passive margin, represented by the Weesenstein and Clanzschwitz groups, and an arcward margin, characterized by more strongly stretched continental crust and the accumulation of predominantly arc-derived debris. The back-arc is documented by MOR-related rocks and hydrothermal black cherts recorded in the Altenfeld and the Rothstein formations. Inset: Sketch of analogous plate-tectonic confi guration represented by the opening of the Japan Sea in the western Pacifi c region during the Early Miocene (after Jolivet et al., 1992) . The back-arc basin of the Japan Sea is largely fl oored by stretched continental crust. similar facies to those of the Rothstein Formation (black cherts, mafi c igneous rocks), suggesting a similar age and plate-tectonic setting of deposition (Fig. 13) . In the same way the Clanzschwitz Group can be correlated with the Weesenstein Group (Pur-1).
We assume that all of these units were deposited in a backarc basin, which predominantly consisted of thinned continental crust and was fl anked by a magmatic arc to the "north" and by a cratonic source to the "south" Buschmann et al., 2001; Figs. 3 and 13) . Back-arc spreading at ca. 570 Ma is best documented by the Rothstein Formation (Buschmann, 1995) . Field data and geochemical information suggest that the 566 ± 10-Ma-old Rothstein Formation comprises a low-grade metamorphic suite of intrusive and effusive enriched mid-ocean ridge basalts (E-MORB), andesites, calc-alkaline metabasalts, and subordinate alkaline metabasalts (Buschmann, 1995; Buschmann et al., 2001) . The submarine effusive character of these rocks is indicated by pillow structures that may have formed during seafl oor spreading. The submarine character is additionally supported by black cherts, which are assumed to be the product of hydrothermal activity at a spreading center that caused alteration of the submarine volcanic and sedimentary rocks (Fig. 4A ). According to Buschmann (1995) , deposition of the Rothstein Formation was accompanied by strike-slip faulting that produced submarine pull-apart basins and led to the re-sedimentation of older unconsolidated sediments. A similar age and tectonic regime is assumed for the Altenfeld Formation.
In contrast to the Rothstein and Altenfeld formations, the Weesenstein and the Clanzschwitz groups were most likely deposited at the passive margin of the back-arc basin, the existence of which is indicated by (1) Nd-model ages for the sediments in the range ca. 2.1-1.5 Ga (Linnemann and Romer, 2002) , (2) abundant Paleoproterozoic detrital zircon ages ; this study), and (3) the presence of highly mature sediments like the Purpurberg quartzite (Linnemann, 1991; Fig. 13) .
The existence of a Cadomian magmatic arc can deduced from the geochemical signatures of the Late Neoproterozoic sediments (Buschmann, 1995; Linnemann and Romer, 2002; Drost et al., 2004) . These sediments have a felsic provenance pointing to a relatively mature continental arc with a relatively thick root zone. The main phase of arc magmatism occurred between ca. 560 and 600 Ma this study) . Comparable ages and arc-related igneous rocks are also described from the Avalonian part of the Bohemian Massif Friedl et al. 2004; Fig. 2) . Relatively small remnants of the Cadomian arc are known from the Armorican Massif and Iberia. Also in the Bohemian Massif arc remnants sensu stricto are scarce (e.g., Kříbek et al., 2000) . It therefore appears that the main part of the Cadomian arc and its Avalonian counterpart are preserved in the Avalonia microcontinent (Murphy et al., 2006) , whereas the main part of the back-arc basins remained in Cadomia. This arrangement is important to the subsequent opening of the Rheic Ocean (see below). Figure 13 shows a possible reconstruction of the Cadomian back-arc basin in the Saxo-Thuringian zone, with deposition of the passive margin sequences of the Weesenstein and Clanzschwitz groups on the southern fl ank. The Rothstein and the Altenfeld formations are located in the interior portion of the back-arc basin within the external domain of the Saxo-Thuringian zone to the north (Fig. 2) . We interpret the present geographical arrangement as refl ecting the original paleoposition on the west African margin. Sample Pur-1 (Weesenstein Group) from the passive margin sequence contains ~40% Late Neoproterozoic detrital zircons derived from the Cadomian arc, which is considerably less than their abundance in Roth-1 from the Rothstein Formation (66%). In addition, the two samples differ in their Neoproterozoic age spectra, ~60% of Late Neoproterozoic grains in Pur-1 falling in the age range 670-600 Ma, whereas ~60% in Roth-1 fall in the range ca. 590-560 Ma. This difference suggests that in the source area of the passive margin, sequence remnants of an earlier stage of the Cadomian magmatic arc were exposed. This arc may represent the transitional zone between the craton and the stretched crust underlying the basin fl oor of the back-arc basin (Fig. 13) . Consequently, we assume this early arc stage (ca. 670-600 Ma) was characterized by a Cordilleran-type active margin with subduction of the oceanic plate directly under the craton.
The Cadomian back-arc basin probably opened into an expanded marginal basin to allow for the differentiation of its deposits into various facies patterns. The age of granitoid pebbles (577 ± 3 and 568 ± 4 Ma; from the Weesenstein and Clanzschwitz groups suggests rapid exhumation of granitoids intruded in the source area during or shortly before opening of the back-arc basin. The latter likely took place within a strike-slip regime, with the development of small subbasins acting as local suppliers of sediments, including material derived from the underlying stretched crust (Fig. 13) . On the basis of similar relationships in Avalonia, Nance and Murphy (1994) proposed a model in which the oblique vector of subduction beneath the arc led to strike-slip motions in the back-arc basin. The concept of oblique subduction and its effects in the hinterland, combined with our fi eld observations, is incorporated into the model in Figure 13 .
Cadomian Retroarc Basin
The largest part of the weakly metamorphosed and well-preserved Late Neoproterozoic sediments of the Saxo-Thuringian zone is represented by the Lausitz Group (Wett-1; Lausitz antiform), the Leipzig Formation (North Saxon antiform), and the Frohnberg Formation (southeastern part of the Schwarzburg antiform) (Figs. 2 and 3) . These units are positioned between the deposits of the inner back-arc basin and the passive margin (Figs. 2 and 3 ) and clearly differ in their fl ysch-like character from the sedimentary units discussed above. They are characterized by monotonous series of dark-gray graywacke turbidite intercalations of conglomerates and microconglomerates that often contain fragments of granitoids, metasediments, and black cherts (Fig. 4D) . Frequent black chert fragments indicate their derivation, in large part, from eroded material derived from the inner back-arc basin. Given their similarity in lithology, sedimentation regime, spatial distribution, and detrital modes, a comparable depositional age is assumed for the Leipzig and Frohnberg formations and the Lausitz Group. Depostion most likely took place at the Precambrian-Cambrian boundary, ~20-30 m.y. after the opening of the back-arc basin, as inferred from Wett-1 zircon ages and the intrusion of younger granites (see above).
Sedimentary structures and paleoseismic features, such as water-escape structures (Fig. 4E) , soft pebbles, and seismites, suggest rapid sedimentation (Linnemann, 2007) . As shown in Figure 14 , we interpret the Lausitz Group and the Leipzig/Frohnberg formations to be parts of a Cadomian retroarc basin or foreland basin. In our model this basin was formed during closure of the back-arc basin in response to the collision of the Cadomian arc with the West African craton. Only the inner part of the retroarc basin was folded and thrusted, which explains why the more northerly portions of the Lausitz Group and the Leipzig Formation were deformed before intrusion of the ca. 540-Ma granitoids . An angular Cadomian unconformity between Late Neoproterozoic rocks and Cambro-Ordovician deposits is documented from different sections of these units (Linnemann and Buschmann, 1995a,b Figure 14 . Model for the plate-tectonic evolution of the Cadomian retroarc basin between ca. 545 and 540 Ma, based on data from the SaxoThuringian zone. There is no Cadomian angular unconformity on the continentward outer margin of the retroarc basin because Late Neoproterozoic sediments were unaffected by deformation (e.g., upper section of Frohnberg Formation in southeastern part of Schwarzburg antiform). In contrast, closer to the fold-and-thrust belt in the inner part of the retroarc basin, the sediments are deformed and consequently an angular unconformity is developed between Neoproterozoic retroarc sediments and overstepping Cambro-Ordovician strata (e.g., Cadomian unconformities at top of the Lausitz Group and Leipzig Formation). fm-formation. disconformity or a simple sedimentation gap (paraconformity), without the occurrence of deformation between the under-and overlying strata. Thus, the undeformed Frohnberg Formation is interpreted to have been deposited in a more distal position relative to the fold-and-thrust belt and more proximal to the cratonic hinterland, whereas the deformed Lausitz Group and Leipzig Formation were situated closer to the colliding arc (Fig. 14) .
In contrast to the lower part of the Frohnberg Formation, which is composed mainly of thick-bedded graywackes, the ~100-m-thick upper part was likely deposited in a shallower marine environment (Linnemann, 2003b) . This observation suggests termination of the retroarc basin regime and the onset of deposition in a remnant basin located in front of the outer retroarc deposits (Fig. 14) . The very topmost quartzite bed of the section, known as "Basisquarzit" (=basal quartzite), is tradionally interpreted as the base of the Paleozoic overstep sequence (von Gaertner, 1944) . It is, however, more likely that this quartzite represents the fi nal bed of a continuous upward-thickening section of the Neoproterozoic remnant basin.
The Cadomian retroarc basin and the related remnant basin were short-lived depositional systems. Based on the youngest detrital zircon ages of Wett-1 (543 ± 4 Ma; Fig. 11A ) and the age of the Lausitz granitoid complex (539 ± 6 Ma; Fig. 3 ), which intrudes these sedimentary units, the ages and time spans of these systems can be confi ned to a time interval of <12 m.y. at the end of the Neoproterozoic and in the earliest Cambrian.
Most Late Neoproterozoic sedimentary were intruded by voluminous granitoids at ca. 540 Ma Gehmlich, 2003; Tichomirowa, 2003;  Fig. 3 ). The largest exposed body is the Lausitz granitoid complex, which covers an area of ~100 × 50 km 2 . For this complex, a minimum granitoid volume of ~5000 km 3 can be calculated, assuming a thickness of only 1 km. Most granitoids were likely derived from melting of the Late Neoproterozoic graywackes or similar units, because they contain large numbers of inherited zircons with age spectra comparable to those in the sediments Gehmlich, 2003; Tichomirowa, 2003) . This interpretation is supported by geochemical data and graywacke xenoliths in the granitoids (Hammer, 1996) . These ca. 540-Ma granitoids record a relatively short-lived regime of high levels of heat fl ow, which we attribute in our model to slab break-off of the subducted oceanic plate (Fig. 14) .
All the processes summarized in Figures 13 and 14 , from the early stages of a Cadomian magmatic arc (ca. 650-600 Ma), through opening of the Cadomian back-arc basin and its closure during arc-continent collision with subsequent formation of a retroarc basin, to the magmatic-anatectic event at ca. 540 Ma, correspond to our present understanding to the Cadomian orogen that formed at the margin of the West African craton.
Opening of the Rheic Ocean
There is no sharp break between the geological history linked to the Cadomian orogen and that of the Cambro-Ordovician, which fi nally led to the opening of the Rheic Ocean. Instead, the latter is viewed as a logical continuation of the geological history of the dying marginal orogen. Nance and Murphy (1996) and Nance et al. (2002) proposed a Cordilleran model for the fi nal stages of the Avalonian-Cadomian orogen analogous to the Cenozoic history of ridge-continent collision in the area of Baja California in the eastern Pacifi c. Such a model would explain both the geodynamic change from subduction-related processes to the opening of a new ocean and the excision of a long slice of continental crust, like that which formed the microcontinent of Avalonia. We have adapted these ideas to explain the platetectonic setting of the Saxo-Thuringian zone during the CambroOrdovician. After ridge-continent collision, slab break-off was triggered at ca. 540 Ma by the switch from an active margin to a transform margin setting (Fig. 15, inset) .
Cambrian sediments in the Saxo-Thuringian zone are restricted to the Lower and Middle Cambrian, with the onset of sedimentation occurring in the Atdabanian at ca. 530 Ma (Elicki, 1997) . These units are characterized by carbonates with archaeocyatha, siliciclastic sediments, and red beds. The last were likely derived from erosion of laterite horizons generated on the denuded Cadomian orogen and the cratonic hinterland at ca. 540-530 Ma (Linnemann and Romer, 2002) . These occurrences suggest a general uplift of the Cadomian orogen that was probably due to the rapid changes in plate-tectonic setting. In addition, the laterites and the occurrence of archaeocyatha point to deposition at low paleolatitudes.
The overall change of the plate-tectonic regime is refl ected by the onset of Cambrian sedimentation. Detritus of the Cambrian deposits was predominantly (~80%) derived from the Cadomian orogen, as inferred from the age spectrum of Kam-1. The plate-tectonic setting may therefore have been similar to that of the present-day Basin and Range Province lying close to Baja California and the San Andreas fault (Fig. 15) . In this way, stretching and thinning of the Cadomian crust and transcurrent faulting induced by the activity of the transform margin may have led to the opening of a rift basin fi lled with Lower and Middle Cambrian sediments. As a result, the Cadomian orogen became largely denuded. The rift basin likely developed on the side of the faulted and thrusted orogen, because this location would have been more sensitive to tectonic reactivation than the cratonic hinterland. The interplay between the more stable cratonic hinterland and the weaker Cadomian crust is thought to have led to asymmetric rifting (Fig. 15) .
Upper Cambrian sediments are relatively scarce in the Saxo-Thuringian zone, and fossiliferous deposits of this age are unknown. However, the lower and upper part of the Rollkopf Formation from the Vesser complex were deposited during the Middle and Upper Cambrian, respectively (see above). This unit belongs to the external domain of the Saxo-Thuringian zone, refl ecting a paleoposition on the outer margin of the eroded and recycled Cadomian orogen. The Vesser complex is dominated by MOR-related igneous rocks associated with metasediments (Bankwitz et al., 1992; Figs. 2 and 6) . In our view, this complex records the incision of an oceanic ridge that collided with the periphery of the Cadomian orogen in a situation similar to present-day Baja California (inset of Fig. 16 ). Thinning of the lithosphere and upwelling asthenosphere led to enhanced heat fl ow in the upper lithosphere and the generation of Vesser magmatism. In our model the Vesser complex formed between the outer and inner zone of the asymmetric rift basin, as this location represents its weakest part (Fig. 16) . The outer part, the former continental arc, was characterized by relatively thick crust, ongoing subsidence, and Upper Cambrian sedimentation, whereas the inner part, the former Cadomian back-arc basin, was more strongly affected by lithospheric thinning caused by uplift and upwelling of the asthenosphere (Fig. 16 ). Asymmetric rifting typically shows uplift of the remaining, thinned, lower plate and subsidence of the departing heavier upper plate (Wernicke, 1985; Coward, 1986) . This asymmetry would explain the ongoing Cambrian sedimentation on the upper plate, which would later become a part of Avalonia or a related terrane, and the absence of Upper Cambrian deposits on the lower plate, which represents the Cadomian realm at the periphery of the West African craton. This scenario is in agreement with the lack of Upper Cambrian sediments in the SaxoThuringian zone and the high maturity of Lower Ordovician deposits resulting from intense chemical weathering processes during the Upper Cambrian.
Lower Ordovician deposits in the Cadomian part of central and western Europe are characterized by thick and widespread sandstone deposits, frequently metamorphosed to quartzites. The most prominent example is the ≤700-m-thick Armorican quartzite of the Armorican and Iberian massifs. Atwater (1970) , Christiansen and Lipman (1972) , Dickinson (1981) , Condie (1989) , and Nance et al. (2002) .
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southeastern part of the Schwarzburg antiform (Fig. 6 ). Quartzites of the Langer Berg Formation (Lbq-1) and those from the Hundsrück Group (Vesser complex) are their stratigraphic equivalents (Fig. 6 ). These deposits overstep in places Lower to Middle Cambrian strata (e.g., drill holes Heinersdorf 1 and 2; Wucher, 1967; and in other cases overlie directly the Cadomian basement, as in the Hohe Dubrau area in the Lausitz antiform (Linnemann and Buschmann, 1995b) . Both forms of the Cadomian unconformity are also reported from the Armorican Massif and different parts of Iberia. It is therefore likely that rifting culminated in the Upper Cambrian, with the formation of rift shoulders, tilted blocks, and/or horsts and grabens, such that, in some places the Lower to Middle Cambrian is preserved, whereas in others the underlying Cadomian basement is exposed.
Extension over the entire paleolandscape and the enormous thickness of the Lower Ordovician overstep sequences classify these siliciclastics as post-rift sediments or deposits of a rift-drift transition. These sedimentary rocks must have been linked to considerable tectonic activity and thermal subsidence, resulting in large systems of detachment faults and escarpments on the surface. Lbq-1 (Langer Berg Formation) shows a very similar preOrdovician zircon age spectrum to those of the Neoproterozoic deposits (Table 4 ). The signifi cant number of Paleoproterozoic and Archean grains suggests that rift-related breakaway faults extended into the cratonic hinterland (Fig. 17) . In addition, Cadomian basement and Cambrian igneous rocks were either available to erosion or their zircons were distributed in the weathering crust formed during the Upper Cambrian and recycled by the Lower Ordovician transgression. Figure 16 . Plate-tectonic model for the opening of the Rheic Ocean during the Upper Cambrian between ca. 500 and 490 Ma in the SaxoThuringian zone. Ocean opening is assumed to have been caused by the oblique subduction of an oceanic ridge similar to the present platetectonic situation (see inset) on the west coast of North America. MOR-mid-oceanic ridge. Modifi ed from Atwater (1970) , Christiansen and Lipman (1972) , Dickinson (1981) , Condie (1989) , and Nance et al. (2002) .
Magmatic rocks with an age of ca. 490-480 Ma are widely distributed in the Saxo-Thuringian zone. They range from large plutons (Rumburk granite, Lausitz antiform; Figs. 2 and 3) to subvolcanic porphyroids (Bärentiegel, Schwarzburg antiform; Fig. 3 ) and various pyroclastics (e.g., Wurzelberg tuffi te; . An example of the last is sample KArc-1 ("Konglomeratische Arkose"), dated at 486 ± 4 Ma (Figs. 3, 11A ). This magmatic event represents the fi nal rift-related magmatism (Fig. 17) . After ca. 480 Ma, the SaxoThuringian zone is characterized by tectonic and magmatic quiescence and monotonous shelf sedimentation. We interpret this zone to be the passive margin of the Rheic Ocean, which had opened as a result of the separation of Avalonia or a related terrane (Fig. 18) .
The geodynamic evolution outlined above has been deduced as far as possible from fi eld geology, zircon dating, and petrographic and geochemical data. We have attempted to illustrate the way Cadomian orogenic processes may have operated and have compiled evidence supporting the idea that large parts of the Cadomian magmatic arc are now present in Avalonia or a related terrane, while the back-arc and the retroarc basins remained in Cadomia. We believe the long-lasting subduction processes that produced the arc and related basins were terminated by ocean closure in combination with ridge-continent Figure 17 . Plate-tectonic model for the fi nal opening of the Rheic Ocean and the formation of passive margins at ca. 490-480 Ma. The northern terrane that separated from the Gondwanan margin (Cadomia) could be part of Avalonia or a correlative terrane. Note the different unconformities between Neoproterozoic/Cambrian, Neoproterozoic/Ordovician and Cambrian/Ordovician strata, the general overstep of Lower Ordovician shallow marine sediments, the burial of the Vesser complex, and the renewed exhumation of cratonic crust in the hinterland. Inset shows analogous plate tectonic situation in part of the Basin and Range province of North America at ca. 3 Ma. Modifi ed from Atwater (1970) , Christiansen and Lipman (1972) , Dickinson (1981) , Condie (1989) , and Nance et al. (2002) .
spe423-03 page 94 collision. We have also tried to show that Cadomian oroenic processes and the subsequent opening of the Rheic Ocean were closely related to each other.
CONCLUSIONS
Sediment provenances and magmatic events of Late Neoproterozoic (Ediacaran) and Cambro-Ordovician rock assemblages of the Saxo-Thuringian zone have been constrained by new LA-ICP-MS U-Pb ages from detrital zircons of fi ve sandstones and magmatic zircons in an ignimbrite and one tuffi te. These geochronological results, in combination with the analysis of platetectonic setting constrained from fi eld observations, sedimentological and geochemical data, and trends in basin development, have been used to reconstruct Cadomian orogenic processes during the Late Neoproterozoic and the earliest Cambrian. A continuum between Cadomian orogenesis and the opening of the Rheic Ocean in the Cambro-Ordovician is supported by this data set.
The early stage of Cadomian evolution is characterized by a Cordilleran-type continental magmatic arc, which was established at the periphery of the West African craton between 650 and 600 Ma. Subsequently, at ca. 590-560 Ma, a back-arc basin was formed behind the Cadomian magmatic arc. The formation of this basin was caused by crustal stretching in a strike-slip regime, which is similar to that presently observed in the Japan Sea of the western Pacifi c. Following collision of the Cadomian magmatic arc with the cratonic hinterland, the back-arc basin was closed between ca. 545 and 540 Ma. At this time a short-lived Cadomian retroarc basin was formed. Subsequently, a mid-oceanic ridge was subducted underneath the Cadomian orogen. This process may have been accompanied by slab break-off of the subducted oceanic plate, which resulted in increased heat fl ow, refl ected in voluminous magmatic and anatectic events culminating at ca. 540 Ma. The subsequent oblique incision of the oceanic ridge into the continent caused the formation of rift basins during the Lower to Middle Cambrian (530-500 Ma). This plate-tectonic scenario is assumed to have developed in a setting similar to that of the Baja California area ca. 3-10 Ma ago. This process continued from the Middle to the Upper Cambrian (ca. 500-490 Ma) and fi nally caused the opening of the Rheic Ocean, an event documented by thick Lower Ordovician siliciclastic sediments and a fi nal rift-related, bimodal magmatic event at ca. 490-480 Ma. 
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